1. Plant community composition is more and more recognized to play an important role on ecosystem 31 processes, such as C cycling. Especially plant functional type (PFT) composition seems to have a 32 key regulatory role, yet the underlying mechanisms in the interaction between PFTs and ecosystem 33 processes are still to be identified. 34 2. Here, we assess the link between PFTs and dominant microbial consumers along a calcareous poor-35 to extremely rich-fen gradient in western Poland. We particularly focussed on dominant microbial 36 consumers (testate amoebae), which can exert large effects on the functioning of peatlands. Using 37 moving-window analyses and path-relation networks subjected to structural equation modelling 38 (SEM), we investigated linkages among abiotic factors, PFTs and testate amoebae. 39 3. We show that along the poor-to extremely rich fen gradient the dependence of testate amoebae to 40
Introduction 59
Understanding the interactions between above-and belowground components in driving community 60 and ecosystem properties is increasingly recognized as a fundamental element of ecosystem ecology 61 and functioning (Bardgett & Wardle 2010) . Particularly, the link between plant and soil microbial 62 communities is key to ecological processes, such as carbon and nutrient cycling (Wardle et al. 2004) . 63
Plants, by their exudates and organic matter production, are critical in regulating belowground 64 communities and associated biogeochemical cycles (Wardle et al. 2012 ). On their turn, belowground 65 communities drive decomposition and nutrient mineralization, and are as such important for the 66 ecosystem nutritional status (Schimel & impact on belowground communities and processes is yet to be understood. 73
To bridge this knowledge gap, we established a gradient study aiming to examine the 74 relationships between plant and microbial consumer communities in fens-organic rich and 75 waterlogged ecosystems. Fens are diverse, nutrient-poor, and groundwater dependent systems, 76 harbouring many globally endangered plant species and communities (Wassen et al. 2005) . They can 77 be divided into poor-and rich-fen, even sometimes with a finer grouping into extremely poor, poor, 
Materials and Methods 120

STUDY SITES 121
Study sites were located in western Poland (Wielkopolska region) ( Table 1 ). We selected eight fens from this 123 region because they were only slightly affected by human and because they are close to pristine state. angustifolium characterize poor and moderately rich fens, as well as acidic microhabitats in extremely 134 rich fens. Brown mosses such as Calliergonella cuspidata and C. giganteum dominated rich to 135 extremely rich fens. More details on dominant vegetation per plot can be found in Supplementary 136 Table 1 . 137
Sampling plots in fens were chosen to cover the widest spectrum of microhabitats available in 138 each fen, and thus capture as much as possible the plant and testate amoeba diversity in each fen. A 139 total of 132 plots were selected in eight fens (Table 1) Peat soil samples, including living parts of the mosses (brown mosses and Sphagnum) and fine roots 156 of vascular plants, were cut with a serrated knife and then were placed in plastic containers (diameter 6 157 cm; depth 8 cm). In the laboratory, testate amoebae were extracted from the samples immediately after 158 sampling by washing with water through 20 and 300 -µm mesh sieves and transferred into glycerol 159 storage medium (Booth, Lamentowicz & Charman 2010) . The resulting 'testate amoeba' samples were 160 then stored at 4˚C until further analysis. Testate amoebae were identified and counted at ×200 and 161 ×400 magnification using light microscopy, to reach a total of 150 shells (see Payne & Mitchell 2009 within the food web, high and low, respectively. Species with a small body size (< 60 µm) and small 168 shell aperture diameter (<15 µm) are usually grazers (i.e. species with a low trophic level) feeding on 169 bacteria and fungi, while species with a large body size (> 60 µm) and large shell aperture diameter (> 170 15 µm) are usually primarily predators (i.e. species with a high trophic level) feeding on larger prey 171 such as other protists, rotifers and nematodes (Wilkinson & Mitchell 2010) . Threshold values of body 172 size and shell aperture diameter for small and large taxa were based on the frequency and range of 173 these two traits within the community (see Supplementary Figure 1 ) and our personal observations of 174 feeding habits of testate amoebae. Using these traits, we assessed the distributional patterns of small 175 vs. large testate amoebae across fens. Values of body size and shell aperture diameter were assessed 176 using microscopy and image analyses. Details on testate amoeba species density and trait values are 177 given in Supplementary Table 2 and 3 . 178
179
CLASSIFCATIONS OF FENS IN NUTRIENT AVAILABILITY CLASSES 180
Water table depth (DWT), groundwater pH, and conductivity (EC) were measured directly in the field 181 using a centimeter measure and portable multimeter Elmetron CX742, respectively. Three ground-182 water subsamples (1.5 dm 3 ) were collected from each plot and stored in plastic bottles. The first bottle 183 contained 1 ml of concentrated nitric acid, the second contained 1 ml of 95% chloroform, while the 184 third bottle served as a reference (i.e. no addition of preservation chemicals Table 4) . 202
203
NUMERICAL ANALYSES 204
Gradient analysis has two spatial structures: spatial processes within the community, which create 205 autocorrelation, and the spatial structure in environmental factors, which in turn causes spatial 206 dependence in biotic communities (Wagner 2004 ). We assessed and tested spatial autocorrelation for 207 moss, vascular plant and testate amoeba communities by means of Mantel correlograms (Borcard, 208 Gillet & Legendre 2011 ). Then, we tested spatial dependence in the three communities by means of 209 direct multiscale ordination (MSO), which combines multivariate ordination analyses and geostatistics 210 (Wagner 2004 ). The 'grain' (i.e. interval size for distance classes) of the variogram was chosen to beas 211 the truncation threshold from a Principal Coordinates of Neighbourhood Matrix (PCNM) analysis 212 applied on the fen coordinates of fens (Borcard et al. 2011 ). The truncation threshold value 213 corresponds to the longest distance in the minimum spanning tree of the spatial matrix. In none of the 214 three communities species compositions were spatially autocorrelated, except for closer sites such as 215 Kuźnik Bagienny and Kużnik Olsowy (Fig. 1) , and only for moss and vascular plant communities 216 (Supplementary Figure 2) . Thus, there is any confusion between biotic community structure across 217 fens and spatial processes internal to the community itself. Similarly, MSO showed that species-218 environment relationships are scale invariant ( Supplementary Fig. 3 ), indicating a true gradients in 219 species composition driven by the environmental gradient (Legendre 1993) . 220
All community data sets were Hellinger-transformed (Legendre & Gallagher 2001) , after 221 which we used redundancy analyses (RDA) to relate abiotic factors and biotic communities (mosses, 222 vascular plants and testate amoebae). Since plant communities showed significant spatial trends, we 223 spatially detrended RDAs on plant communities by using partial RDAs with location factors as co-224 variables. Stepwise selection of explanatory variables among the whole set of abiotic factors was 225 computed for each biotic community using the 'ordistep' function available in the vegan R package 226 (Oksanen 2011 ). This stepwise selection modelling was automatically achieved using AIC (Akaike 227
Information Criterion) and permutation tests. 228
Linear mixed effects models were used to determine whether species richness, diversity and 229 cover (or relative abundance) of vascular plants, bryophytes and testate amoebae vary among fen types 230 (fixed effect) while accounting for the repeated measurements within each site. All models included 231 site as a random effect on the intercept, as to correct for the inflation of the residual degrees of 232 freedom that would occur if we were using repeated measurements within sites as true replicates 233
(Pinheiro & Bates 2000). The interaction between spatial coordinates of fens and fen types was also 234
tested in all models to determine whether richness, diversity and cover (or abundance) of our biotic 235 communities vary according to spatial coordinates or fen types. No significant interactions were 236 found, showing that spatial coordinates of fen did not affect these parameters. Post-hoc analyses were 237 then used to determine the differences and/or similarities among fen types. The same analyses were 238 performed on shallow and deep-rooted vascular plants; brown and Sphagnum mosses; and small and 239 large testate amoebae. We also computed spearman's rank correlation tests between richness and 240 diversity indices to assess monotonic relationships between biotic communities. Further, wWe also 241 tested the effect of plant cover (vascular plants and/or bryophytes) and several abiotic factors on the 242 relative abundance of testate amoebae using linear mixed effects models, as specified above. These 243 tests were computed on non-spatially detrended data. 244
To evaluate changes in the relationships between testate amoebae and plant functional types 245 across the gradient, we used moving-window analysis (Carlson et al. 2010 ). This technique allows the 246 analysis of multivariate data across an ecological gradient and is particularly useful for the detection of 247 sharp transitions in species composition across gradients (Kent et al. 1997 ). This analysis was 248 computed using a window of 70 consecutive samples (multiple window sizes were tested initially, all 249
showing similar patterns; the 70 sample window size was, however, optimal for interpretation without 250 losing detail on the studied relationships) across sites to quantify and to test the variation of linkages 251 among the three biotic communities and abiotic factors over the gradient. The 70-sample window was 252 advanced across the fen gradient sampling plot by sampling plot (e.g. 1-70, 2-71, 3-72…62-132) after 253 reordering the matrices following the calcium gradient. We used redundancy analyses, adjusted R 2 and 254 permutation tests to assess the relationships (Oksanen 2011 ). The ten Hellinger-transformed 255 community matrices (total plants, mosses, vascular plants, brown mosses, Sphagnum mosses, shallow-256 rooted and deep-rooted vascular plants, testate amoebae, and large and small testate amoebae) were 257 used as response matrices. Due to unbalanced matrices, direct comparison of the species matrices was 258 not possible. Therefore, from all species matrices we extracted the scores of the first three PCA axes. 259
As such an indirect comparison between the plant and microbial matrices could be made (Carlson et 260
al. 2010). 261
We considered all available variables to investigate global linkages between environmental 262 factors, plant functional types and testate amoebae. Using a priori knowledge, a full model of causal 263 relationships was created including simultaneously several hypothetical pathways (Table 2) 
Results
289
RELATIONSHIPS BETWEEN BIOTIC COMMUNITIES AND FEN ABIOTIC VARIABLES 290
The separate RDAs show somewhat contrasting species-environment relationships for the three 291 communities (Fig. 2) . For mosses, vascular plants and testate amoebae, the best models selected four 292 explanatory variables, which together explained 11% (mosses), 12% (vascular plants) and 26% (testate 293 amoebae) of the variance (adjusted R 2 ). The three communities were all related to pH, calcium and 294 sulphate content. In addition, mosses were also related to nitrates; vascular plants to Fe; and testate 295 amoebae to DWT, respectively. 296
The three communities also differ with respect to the relative position of sites in the ordination 297 space. In all analyses, the first two axes were significant (P < 0.001). For mosses, two looser groups 298 emerged from the first axis ( Fig. 2a) : one group composed of PF and MRF sites and another one 299 composed of RF and ERF sites. These two groups are mainly characterized by the presence (PF/MRF) 300 and the near absence (RF/ERF) of Sphagnum mosses, respectively. For vascular plants, similar 301 patterns emerged on the first axis, although the difference between PF/MRF and RF/ERF was better 302 defined than for mosses (Fig. 2b) . The group RF/ERF could be further split into RF and ERF on the 303 second axis. Higher concentrations in Fe in rich fens underline this difference. For testate amoebae 304 (Fig. 2c) , three groups emerged from the first axis: one well-defined group mainly composed of PF 305 sites and some sites from RF and ERF, a second looser group composed of MRF sites and a third one, 306 well-defined, composed of RF and ERF sites. This last group could again be further split into RF and 307 ERF on the second axis of the ordination space due to drier conditions in ERF sites (Fig. 2c,  308 Supplementary Table 4) . In all analyses, higher values of calcium, sulphates and pH explained the 309 difference between PF/MRF and RF/ERF. 310
311
PATTERNS IN SPECIES RICHNESS, DIVERSITY AND DENSITY OF BRYOPHYTES, 312
VASCULAR PLANTS AND TESTATE AMOEBAE AMONG FEN TYPES 313
We identified 38 bryophyte species, 80 vascular plant species, and 141 taxa of testate amoebae along 314 the poor to extremely rich fen gradient. Species richness and diversity of the three communities 315 (mosses, vascular plants, and testate amoebae) differed significantly along the gradient (Fig. 3) . 316
Vascular plant and moss species richness was highest in MRF (Fig. 3a, b, d, e) . Separation of the 317 bryophytes into Sphagnum and brown moss functional types showed slightly different patterns of 318 richness and diversity. MRF and RF had highest brown moss diversity and richness (Fig. 3a, b) , while 319 Sphagnum richness and diversity were highest in MRF only (Fig. 3a, b) . A significant negative 320 monotonic relationship was found between species richness of brown and Sphagnum mosses ( Table  321 3). 322
Fen type differences in richness and diversity were also found among vascular plant functional 323 types. Richness and diversity of deep-rooted (graminoid) vascular plants did not vary along the 324 gradient, while richness and diversity of shallow-rooted (ericoid) vascular plants was lowest in PF 325 (Fig. 3d, e) . No significant monotonic relationship was found between species richness and diversity 326 of deep-rooted and shallow-rooted vascular plants, but a positive relationship existed between brown 327 mosses and non-graminoid vascular plants (Table 3) . 328
Testate amoebae richness and diversity increased over the gradient (Fig. 3g, h ). Size split 329 within the community showed that small testate amoeba species richness and diversity did not vary 330 along the gradient, whereas these metrics were lowest in PF for large species (Fig. 3g, h ). The 331 monotonic relationship between small and large testate amoebae was significant for richness and 332 diversity (Table 3) . We also found significant monotonic relationships between large testate amoebae 333 and brown mosses, as well as between small testate amoebae and brown and Sphagnum mosses ( Table  334 3). 335
Total density of Sphagnum mosses gradually decreased over the PF to ERF gradient, whereas 336 density of brown mosses was highest at MRF and RF (Fig. 3c) . Total density of deep-rooted vascular 337 plants did not vary along the gradient, while the density of shallow-rooted vascular plants decreased 338 from PF over the gradient (MRF/RF/ERF) (Fig. 3e) . Relative abundance of large testate amoebae 339 followed patterns of Sphagnum mosses with a gradual decrease from PF to ERF (-45%; Fig. 3i) . 340
Similar tendencies were found with calcium content, which significantly increased from PF to ERF 341 Table 4 ). Analysis of variances on spatially detrended factors showed that Sphagnum 342 cover explained 22% of the variations of testate amoebae relative abundance (ANOVA, P < 0.001), 343 while calcium explained 12% (ANOVA, P < 0.01). 344 345 UNDERLYING CAUSAL RELATIONSHIPS BETWEEN TESTATE AMOEBA AND PLANT 346
FUNCTIONAL TYPES ALONG THE POOR-RICH FEN GRADIENT 347
Moving window analyses show that the dependence of testate amoebae to abiotic fen conditions 348 decline after poor-and moderately rich-fen stages (i.e. further along the gradient), while relationships 349 between plant communities and abiotic fen conditions remain stable or slightly increase along the 350 gradient (Fig. 4a) . In parallel, moving window analyses show that the dependence of testate amoebae 351 to plants remains high and stable over the gradient; even it differs between mosses and vascular plants 352 (Fig. 4b) . The dependence of testate amoebae to mosses shows an inverse bell-shape response, 353 peaking across the mid-successional stages of fens, while a decline between vascular plants and testate 354 amoebae is evidenced. Detailed analysis of the relationships among size-types of testate amoebae and 355 plant functional types showed that the dependence of small testate amoebae to Sphagnum mosses was 356 maximal halfway of the gradient (on average 0.25; Fig. 4c ), while for large species it decreased from 357 0.20 and 0.10 (Fig. 4c) . Furthermore, the dependence of small and large testate amoebae to brown 358 mosses was overall higher than with Sphagnum mosses (Fig. 4c) (Fig. 4d) . 363
The fit of all minimal adequate path analysis models was good (Supplementary Table 5) . 364
SEMs show clear causal linkages between PFTs and testate amoeba functional sizes over the gradient 365 (Fig. 5) . SEMs based on vegetation composition showed that calcium highly explained plant 366 community structure, especially the community composition of mosses (Fig. 5a ). The lack of direct 367 paths between plant diversity and calcium indicates that calcium is less important predictor for overall 368 plant diversity (Fig. 5b) . Detailed examinations of PFTs showed that calcium did not significantly 369 drive the abundance of shallow-and deep-rooted vascular plants (Fig. 5c) , opposite its effect on brown 370 moss and Sphagnum moss abundance (Fig. 5d) . SEMs on plant functional types specially revealed the 371 importance of calcium for Sphagnum mosses (richness and cover) and in turn their feedback effect on 372 moss and overall plant community composition over the gradient (Fig. 5d, e, f) . We further found that 373 calcium significantly drove richness of small and large testate amoebae, as well as their community 374 composition (Fig. 5g) . SEMs especially showed that calcium highly impacted the abundance of large 375 testate amoebae, which in turn negatively affect the community composition of small and overall 376 testate amoebae (Fig. 5h) . 377 SEM based on the pure relationships between plants and testate amoebae showed that 378 Sphagnum mosses (abundance and richness) was good for predicting the abundance of large testate 379 amoebae, and thus the community composition of testate amoebae through its indirect effect on plant 380 community structure (Fig. 5i, j) . Overall, SEMs indicate that higher calcium content leads to decreased 381 abundance and richness of Sphagnum mosses and large testate amoebae, and that decreases in 382 Sphagnum cover highly impact the function of testate amoeba community. were strongly related to changes in testate amoeba assemblages up to the middle of the gradient. This 464 suggests that the influence of root-exudation on soil microfauna assemblages decreases with the 465 concomitant reduction of shallow-rooted plant species. SEMs did not reveal significant causal effect of 466 shallow-rooted plants on testate amoebae. We envisage that increasing small testate amoeba species, 467 which consume fauna of lower trophic levels such as bacteria and fungi, induced trophic cascades on 468 decomposition and nutrient mineralization that could indirectly impact growth of shallow-rooted 469 vascular plants . 470
Owing to the low density and diversity of meso-and macrofauna in peatlands, most 471 biogeochemical cycles in mires rely on the moss associated microbial food web (Lamentowicz et al. and therefore conceivably affect their growth. Impact of plant functional types on size-structure of 485 testate amoebae, and thus microbial food web, could also be a mechanism explaining why divergent 486 plant communities affects gas fluxes in peatlands (Ward et al. 2009; Kuiper et al. 2014) . Different letters indicate significant differences over fen types (P < 0.05); small letters for different 691 vascular plant and moss functional types, and testate amoeba size species, capital letters overall plant, 692 moss and testate amoebae. PR -poor fen, MRF -moderately rich fen, RF -rich fen, ERF -extremely 693 rich fen. Abbreviations for species are given in Supplementary Table 2 and 3. 694 g Calcium content influences the richness of small and large testate amoebae, which in turn drive testate amoeba community composition.
h Calcium content influences the abundance of small and large testate amoebae, which in turn drive testate amoeba community composition.
i The richness of plant functional types drives testate amoebae richness and large testate amoeba abundance, which in turn determine testate amoeba community composition along the gradient. j The abundance of plant functional types drives vegetation community composition, which in turn determines testate amoeba community composition along the gradient. j The abundance of plant functional types influences the abundance of large testate amoebae, which in turn determines testate amoeba community composition along the gradient. 764  765  766  767  768  769  770  771  772  773  774  775  776  777 
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